Objective-To investigate mortality, cause of death, survival, and quality of life in all types of cardiac malformation with congenital pulmonary atresia. Design-Retrospective analysis.
Cardiac malformations with pulmonary atresia are rare but occupy a disproportionate amount of cardiological and surgical time and resources. Published reports have been confined to only one type of pulmonary atresia, either with intact ventricular septum [1] [2] [3] or with ventricular septal defect. [4] [5] [6] There is anatomical diversity within both these groups and bias may occur because of variations in anatomical selection criteria. Pulmonary atresia also occurs as part of more complex malformations, and such cases are excluded from other series. 2 3 5 Bias may occur in studies that report surgical series [7] [8] [9] [10] [11] or institution based data, [12] [13] [14] [15] because of early deaths occurring before referral and inclusion of late referrals from other centres.
In this retrospective study we describe the outcome of all live born babies with pulmonary atresia within a defined population. Population based data give a more accurate picture of overall outcome than surgical series, institution based series, or reports limited to one variety of pulmonary atresia. They are thus important for planning management.
Methods

PATIENT IDENTIFICATION
The former Northern Health Region of England is geographically well defined and has a population of approximately three million. There is only one tertiary referral centre for paediatric cardiology and, with the exception of the health district of South Cumbria, which was excluded from this study, there is no cross border referral of infants with suspected heart disease. 16 Patients were identified from the paediatric cardiology database, the Northern Region perinatal mortality survey, 17 the Northern Region congenital abnormality survey, 18 and fetal echocardiography records. The use of several sources allowed validation of data and ensured identification of any deaths occurring before referral to the regional cardiology centre. The total live birth rate for the region was obtained from the OYce for National Statistics.
Patients included were those live born in 15 of the 16 districts of the Northern Health Region between 1980 and 1995 with congenital pulmonary atresia. Six pregnancies were terminated after antenatal diagnosis (four with additional non-cardiac malformations) and were excluded from the study.
ANATOMICAL CLASSIFICATION
Information about cardiac anatomy, age at diagnosis, interventions, and death was obtained from review of patient records and necropsy reports. Pulmonary arteries were classified by size (absent, small, or normal) and confluence (whether the right and left pulmonary arteries communicate directly with each other). The source of pulmonary blood supply (through the arterial duct or major aortopulmonary collaterals) and the presence of coronary artery fistulae were recorded. Retrospective analysis did not permit more accurate grading of pulmonary artery size (and was not possible in four cases) or measurement of right ventricular volume or tricuspid valve diameter. included in the PA-IVS group if the ventricular septum was intact and there were normal atria and atrioventricular connections. Those with additional Ebstein's malformation of the tricuspid valve and severe right ventricular dilatation were classified as complex pulmonary atresia (see below). Patients were included in the PA-VSD group if there was a ventricular septal defect with normal atria, atrioventricular valves, and atrioventricular connection, irrespective of ventriculoarterial connection. This group included cases described as tetralogy of Fallot with pulmonary atresia, transposition with pulmonary atresia, or double outlet right ventricle with pulmonary atresia, and included cases with major aortopulmonary collateral vessels irrespective of their contribution to pulmonary blood supply. Cases where pulmonary blood supply is entirely derived from aortopulmonary collateral vessels have been termed "complex pulmonary atresia" in other studies. 4 We reserved this description for cases that did not fit into the first two recognised groups because of abnormalities of atria, atrioventricular valves, and atrioventricular or pulmonary venous connections (table 1) . INTERVENTION We considered palliative procedures to include total cavopulmonary connection, Fontan, Glenn, aortopulmonary shunt and stenting, ligation, or unifocalisation of major aortopulmonary collaterals.
EXERCISE ABILITY Current exercise ability in survivors was assessed by a telephone questionnaire administered to parents of patients. Three patients with limitations because of non-cardiac problems and one with PA-IVS who had undergone cardiac transplantation were excluded from this analysis. Each child's exercise ability was described by one of the following categories: (I) unlimited compared with peers; (II) tires before peers during sports or games but unlimited when walking on level ground; (III) needs to stop and rest when walking on level ground; (IV) symptomatic at rest or on minimal exertion.
STATISTICS
Actuarial survival was calculated using the Kaplan-Meier technique. 19 20 The 2 method was used to compare mortality related to anatomical variations in the PA-VSD group (table 2) .
Results
PREVALENCE AT LIVE BIRTH
Between 1980 and 1995 there were 129 cases of pulmonary atresia among 601 635 live births: 29 with PA-IVS (4.8/100 000), 60 with PA-VSD (10.0/100 000), and 40 with complex pulmonary atresia (6.6/100 000)-a total birth prevalence of 21.4/100 000 live births.
The median time to follow up (or death) was 1252 days (range 1-6119 days). The minimum follow up of survivors was two years, providing a total of 555 patient years follow up. For patients with PA-VSD, neither the presence nor absence of major aortopulmonary collateral vessels nor pulmonary artery size or confluence could be shown to have any influence on survival (table 2). The three surviving patients with no central pulmonary arteries had interventions: MAPCA (major aortopulmonary collateral arteries) stent (one patient) and shunt to vessels at lung hilum (two patients). The two who died had no intervention.
CAUSE OF DEATH
The cause of death was classified in three groups: deaths related to surgery, deaths in hospital from non-surgical causes, and sudden out of hospital deaths (table 3) .
Surgical deaths
There were 23 surgical deaths (after 191 surgical procedures). They were defined as deaths in hospital within 30 days of surgery, but all except four occurred in the first 24 hours. In the PA-IVS group there were six deaths at a mean age of 65 days (range 3-345). In the PA-VSD group there were seven deaths at a mean age of 1209 days (range 3-2558). In the complex pulmonary atresia group there were 10 deaths at a mean age of 446 days (range 1-2278). 
Hospital deaths
Thirty three deaths occurred in hospital but were not related to surgery. Most occurred in children under one year of age and they were primarily cardiac in origin, although there were often added problems such as infection. Eight deaths were from non-cardiac problems: six patients (two in each group) died because of immunodeficiency and sepsis, and two neonates with complex pulmonary atresia died from pulmonary hypoplasia.
In the PA-IVS group there were seven deaths at a mean age of 127 days (range 1-345). In the PA-VSD group there were 14 deaths at a mean age of 421 days (range 1-2555). In the complex pulmonary atresia group there were 12 deaths at a mean age of 47 days (range 1-252).
Sudden deaths
Sixteen patients suVered sudden unexpected collapse and died before or shortly after arrival at hospital. Twelve of these 16 deaths remained unexplained after necropsy.
Three children with PA-IVS died suddenly at a mean age of 975 days (range 297-2279). All deaths were unexplained at necropsy. Seven children with PA-VSD died suddenly at a mean age of 850 days (range 90-3315). Five deaths were unexplained at necropsy; one child had severe gastroenteritis and one had a large pulmonary haemorrhage. Six children with complex pulmonary atresia died suddenly at a mean age of 590 days (range 26-1333). Four deaths were unexplained at necropsy; one was caused by occlusion of an aortopulmonary shunt and one infant had undiagnosed obstructed anomalous pulmonary venous connection.
Fifteen of the 16 patients who died suddenly had undergone previous surgery; 14 with an aortopulmonary and one with a Glenn shunt in situ. Only one had an occluded shunt at necropsy.
CURRENT STATUS
Non-cardiac anomalies that have an additional eVect on their quality of life are present in 14 of the 72 survivors (19%). One child with PA-IVS had renal pelviureteric junction obstruction requiring surgery. Ten children with PA-VSD have the following problems: Di George syndrome (two), Alagille's syndrome, Shprintzen's syndrome, CoYn Lowry syndrome, mild hemiparesis (two), idiopathic thrombocytopenia, epilepsy, and choledochal cyst. In the complex pulmonary atresia group, two survivors have scoliosis and one has chronic glomerulonephritis.
CURRENT EXERCISE ABILITY IN SURVIVORS
Attempts were made to contact survivors (except four who were excluded from this analysis) and were successful in 44 of 53 cases (83%). Overall 12 children (27%) were in class I, five (11%) in class II, 25 (57%) in class III, and two (5%) in class IV. Details of exercise ability in individual diagnostic groups are given in table 4.
Children who had undergone definitive biventricular repair had a better exercise capacity than those who had had palliative operations or no intervention (table 5) .
Discussion
Published reports on pulmonary atresia are usually either surgical series [7] [8] [9] [10] [11] or based on experience from a single institution. 1 5 Data from institutions with a particular interest in the diagnosis will attract a disproportionate amount of more complicated referrals and introduce bias. Surgical series ignore cases where death occurs before intervention or where no intervention was feasible or thought necessary.
Most studies deal either with PA-IVS or PA-VSD and very few consider pulmonary atresia associated with other malformations. The anatomical inclusion or exclusion criteria vary (for example, hearts with Ebstein's malformation of the tricuspid valve may be included or excluded from series on PA-IVS), and apparently similar reports may not be comparable.
1-3 Complex pulmonary atresia is usually considered under the main associated cardiac malformation, even though the management (often aiming for a Fontan type circulation) is usually independent of the associated malformation. A recent report considering diagnostic hierarchies has shown that use of pulmonary atresia as a secondary diagnosis, as in our complex pulmonary atresia group, leads to an underascertainment of 27%. 21 Our prevalence at live birth of PA-IVS (4.8/100 000) is consistent with the value of 4.5/ 100 000 live births found in the only other published detailed population based study. 22 However, we cannot really compare our total prevalence at live birth of all pulmonary atresia (21.4/1000 live births) with any previous reports. Population based epidemiological studies such as the New England infant cardiac program 23 and the Baltimore Washington infant study 24 do not define pulmonary atresia and have been criticised for underascertainment.
The present study provides details of mortality and survival for all types of pulmonary atresia in a birth cohort with complete ascertainment. This information is important when planning management after antenatal or postnatal diagnosis. Doctors counselling parents following an antenatal diagnosis sometimes only have a diagnosis of pulmonary atresia, with little additional anatomical data. The study shows the high early mortality in all three groups, especially PA-IVS and complex pulmonary atresia, with only about 50% medium term survival. In recent years there has been an improvement in survival in PA-IVS, little change in PA-VSD, and no improvement in complex pulmonary atresia (fig 1) . Almost all the hospital non-surgical deaths and most of the surgical deaths occurred within the first year of life.
The incidence of out of hospital sudden death was surprisingly high, at 29/1000 patient years of follow up. This is much higher than reported after atrial repair of transposition of the great arteries or repair of tetralogy of Fallot. 25 Sudden death was encountered in all three groups, and 12 of 16 such deaths remained unexplained after necropsy. None of these three groups has previously been identified as having a significant risk of sudden death.
The exercise ability of survivors is disappointing, with three in four reporting limitation compared with their peers. As discussed above, some survivors have non-cardiac problems that also aVect their quality of life. The exercise ability of children who have achieved biventricular repair is better than with a single ventricle repair or palliation. Some of the younger children currently palliated will undergo later definitive repair.
This study spans a period with considerable changes in management. Our own institutional bias has been towards conservative management, particularly in the early years of the study. These findings may indicate that a more aggressive surgical approach may be required.
CONCLUSIONS
Cardiac malformations with pulmonary atresia constitute a small proportion of congenital heart disease but require a large amount of medical attention. Despite this, results remain disappointing. EVorts to improve the outcome may be limited by early deaths before surgery, associated non-cardiac conditions, and late sudden death.
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IMAGES IN CARDIOLOGY
Multiple milking in hypertrophic cardiomyopathy
A 70 year old man with recent onset angina and deep T wave inversion on the lateral leads was referred for cardiac catheterisation. At angiography (lateral projection: A, diastole; B, systole) no coronary stenoses were found, but "multiple milking" of the mid left anterior descending coronary artery (up to 70% systolic narrowing, large arrow) and on the mid segment of two relatively large diagonal branches (both with 100% systolic narrowing, small arrows) was revealed. In addition, severe compression-with systolic disappearance-of three septal perforator branches was also visualised. Two dimensional (cross sectional) echocardiography disclosed asymmetric septal hypertrophy (anterior septum 22 mm, posterior wall 10 mm) with severe and diVuse involvement of the entire interventricular septum and anterolateral wall. No intraventricular gradient could be elicited at rest or after provocation. Dobutamine stress echocardiography was negative for ischaemia.
